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Outline

▪ Brief recap of XRD
▪ Instrumentation
▪ Size & Strain
▪ Some advanced stuff
▪ What’s a Refinement?
▪ Play time



Protein structure Activity

Molecules Reactivity

Pharmaceutical phases Bioavailability

Materials Properties

Where are the atoms?

Diffraction for  materials
How are they linked?

Dewar      benzvalene prismane

Carbamazepine polymorphs

Graphite vs Diamond



What’s a crystal structure?
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From structure to diffraction and back

Page 5

CIF
(Crystallographic Information 

File)

Diffraction signal



Databases and programs (just hints)
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Powder Diffraction FileTM https://www.icdd.com/pdfsearch/
Cambridge Structure Database http://www.ccdc.cam.ac.uk/
Inorganic Crystal Structure Database http://www.fiz-karlsruhe.de/icsd.html
Crystalloghaphy Open Database http://www.crystallography.net/
PDB (Protein DataBanck) https://www.rcsb.org/
…. normally from single crystals (less than 1%  from powders)

Topas http://www.topas-academic.net/
GSAS-II https://advancedphotonsource.github.io/GSAS-II-tutorials/
Fullprof https://www.ill.eu/sites/fullprof/

Mercury https://www.ccdc.cam.ac.uk/solutions/software/free-mercury/

https://www.icdd.com/pdfsearch/
http://www.ccdc.cam.ac.uk/
http://www.fiz-karlsruhe.de/icsd.html
http://www.crystallography.net/
https://www.rcsb.org/
http://www.topas-academic.net/
https://advancedphotonsource.github.io/GSAS-II-tutorials/
https://www.ill.eu/sites/fullprof/
https://www.ccdc.cam.ac.uk/solutions/software/free-mercury/


Interferometric: using the interference between waves (light) to obtain information (typically 
with the same length scale of the wavelength used)

CRYSTALS
Ordered arrangement of atoms with 
periodic repetition in all directions 
(3D grating) 

An Interferometric method



d

nl = 2d sin(q)         Bragg’s law

q

q

▪ What are the dots that scatter elastically the X-rays in crystals?
▪ X-rays are electromagnetic waves and they interact primarily with electrons (clouds)
▪ Different elements possess different Z, so scatter more or less strongly

Scattering from a crystal



That equation …

ml = 2d sin q



Indexing, Bravais lattice

http://www.chm.bris.ac.uk/webprojects2003/cook/latticetypes.htm

Systematic absences for extra symmetry



Miller indeces (h k l)

▪ What are the dots that scatter 
elastically the X-rays in crystals?

nl = 2d sin(q)         Bragg’s law



Indexing

nl = 2d sin(q)         Bragg’s law

Systematic absences for extra symmetry



Structure factor
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Ihkl ∝ |Fhkl|
2



Powder Diffraction
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Single Few Non-statistical
powder (few grains)

Powder

Less information (1D vs 3D)
Statistical (size/shape distribution, 
quantification)

After S. Galli, SLS - Powder Diffraction School 2016



Page 15 www.synchrotronmovies.com

http://www.synchrotronmovies.com/


Different objects for diffraction



That equation …

ml = 2d sin q



Diffractogram

Peak Positions:
- Unit cell symmetry
and dimension (V)
- Phase identification
- Lattice expansion or
contraction…

Peak Intensities
- Atomic positions in 

the unit cell (r)
- Occupancies (specie, 

and %)
- Texture
- Temperature factors

Peak Shape
- Domain size
- Strain
- Defects
- Temperature factors

Background
- Diffuse scattering
- Fluorescence
- Scattering from air & 

holder
- Amorphous part
- Instrumental noise



• Instrument
• Setup
• Sample

Peak broadening
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Sample, Instrument, Measurement, Data

• Everything contributes to your data

• No measurement is ever ‘perfect’

• Info you are looking for are mixed with info you

do not need (or you should already know …)

• Wrong start, wrong end!

The better you can see

the more the details become relevant



Diffraction measurement/experiment

SAMPLE

SOURCE DETECTO
R

Optical elements can be used in combination to produce 
various setups, with different characteristics



Source – X-ray tube

- Standard Targets: Cu/Mo/Ag



Source – X-ray tube

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=mhvMnHt4guKuHM&tbnid=ZoJ-20fh4ki88M:&ved=0CAUQjRw&url=http://www.safetyoffice.uwaterloo.ca/hse/x_ray/equipment/xray_production.html&ei=irR0UoSaBaWX1AWetoGwAQ&bvm=bv.55819444,d.ZGU&psig=AFQjCNHIwavX8-lpJlUQwrwWP80HOGwnDQ&ust=1383466490727497


Binding Energies



l = 12.39842 / E(keV)

Source – X-ray tube



- Several kV and mA, 

several kW/mm2

Source – X-ray tube



Rotating anode



Liquid jet



Synchrotron – bending the electrons

TOP UP MODE

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=_xQaelyQyWNxnM&tbnid=84fcNG-WgnTDUM:&ved=0CAUQjRw&url=http://www.smc.org.au/2007/07/national-media-briefing-the-jewel-in-the-crown-australian-synchrotron-opens-for-business/&ei=Ymd1UueoHIjHtQbc9oCoCQ&bvm=bv.55819444,d.bGE&psig=AFQjCNHGFsNgreFx0yqwws4IFZtzRu7A5g&ust=1383512259378872
http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=OoxjiuOvSDDzmM&tbnid=fXwpEMppv_Qg8M:&ved=0CAUQjRw&url=http://cerncourier.com/cws/article/cern/28609&ei=O2h1UoPiFcaGswbGn4CgBQ&bvm=bv.55819444,d.bGE&psig=AFQjCNGAbK71VfLrGMvvH8mFthcDgMxa_A&ust=1383512484467239
https://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=imgres&cd=&cad=rja&uact=8&ved=&url=https%3A%2F%2Fbooks.google.com%2Fbooks%2Fabout%2FAn_Introduction_to_Synchrotron_Radiation.html%3Fid%3D0P51ZEjvZYUC%26source%3Dkp_cover&psig=AOvVaw0TruJiIhqgCC5iG-D9Xmoh&ust=1537789301439013


Insertion devices



Insertion devices



l = 12.39842 / E(keV)

Insertion devices



Crystal

• l < ~ 1 nm

Multilayer 

• Dl/l larger (more Flux!)

Monochromator



ac ~ 0.1 – 0.3o

Mirrors



Focussing mirrors



Focussing

• Glass capillaries

• Compound refractive lenses

• Fresnel Zone plates

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&docid=4J_PGi1xG4kYfM&tbnid=SiqgVqAIgvnJjM:&ved=0CAUQjRw&url=http://www.xradia.com/technology/basic-technology/focusing.php&ei=LXx1UuCoPOiQ0AXyg4D4Aw&bvm=bv.55819444,d.ZGU&psig=AFQjCNHmTpgmgIMDauUEONqFeiQfa2n2_g&ust=1383517603924071


Optical elements

• Wavelengths

• Focusing

• Insertion device

• Mirrors



Intensity monitor
Don’t collect at topups

Intensity fluctuation



Check your position!

Beam vibration



DIVERGENCE
a = Axial
e = Equatorial

Bragg-Brentano



Debye-Scherrer

Mythen II

• Smaller sample, 
easy spinning 
• Size matters



Absorption



PXRD and detectors

Ye olde method…

Acquisition time 
~ hours 



More detectors …

Multiple single detectors

• Position sensitive detectors (Scanning)



Large stationary PSD

Parallel data acquisition 

… and the 
modern approach:

Strip detector 
32000 elements

Acquisition time 
~ seconds
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Home Laboratory 

2 hours

Synchrotron 

<1 minute

Powder diffraction with synchrotron radiation



With Area detectors



We only usually take a slice!



Resolution

Statistics

1D vs 2D



Non statistical powder
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Too few grains due to
▪ Small amount of 

sample
▪ Small amount of a 

phase in a sample
▪ Impossibility to grind
▪ Impossibility to 

rotate/spin 
significantly the 
sample (chambers)

▪ On purpose oriented 
grains



Fundamental Parameters approach, each instrumental contribution is convoluted 
based on the known instrumental elements and contribution

Instrumental Resolution Function

Page 51



Use of a calibrated standard (NIST SRM, CeO2, LaB6, Si etc.)
• Same exact setup needed if not internal
• Similar packing is external
• Similar absorption
• Similar or slightly extended angular range needed
• Should not contribute to the peak broadening

Fit the instrumental contribution as well as you can (Cauchy, Gaussians, Hats, various 
combinations, popular is the one by Caglioti, Paoletti, Ricci (1958))
Fix it
Analyse your sample. All remaining broadening comes from it

Instrumental Resolution Function

Page 52



Peak broadening – Scherrer’s

Page 53

In 1918 Scherrer devised the 
following:

• B is FWHM at 2θ
• K is 0.94 (for a cube)
• l is the wavelength
• L is the size, bingo!

Exact for monodispersed, strain-free, cubic particles



Peak broadening – Scherrer’s
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In 1918 Scherrer devised the 
following:

• B is FWHM at 2θ
• K is 0.94 (for a cube)
• l is the wavelength
• L is the size, bingo!

Exact for monodispersed, strain-free, cubic particles

Size of what?
• Crystallite (grain) – homogeneous diffracting 

portion
• Particles – agglomerates of 1 or more 

crystallites

Powder Diffraction is sensitive to crystallites, not particles



Peak broadening – Scherrer’s
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In 1918 Scherrer devised the 
following:

• B is FWHM at 2θ
• K is 0.94 (for a cube)
• l is the wavelength
• L is the size, bingo!

Exact for monodispersed, strain-free, cubic particles

Other shaped crystallites may have K values 
of different values.
It was noticed the Integral Breadth is less 
sensitive to particle shape and K ≈ 1

FWHM IB: same area, same height
sensitive to integration



• L0 in Scherrer’s formula is the edge of the cube
• Lvol is the volume weighted mean column length of a 

crystallite, defined in each direction
• Shape is needed to relate Lvol and L0

• This is a single value, representing an entire size-
distribution … inherently an approximation and one 
related to what diffraction ‘sees’ best. Shape is needed to 
get real numbers

Which size?
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Which size?

Page 57



Moreover, anisotropic 
crystallites lead to 
anisotropic broadening, 
in this case the 111 peak 
is not well fitted 

Anisotropic broadening is 
needed to improve 
materials understanding

Anisotropic size broadening
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microstrain, often linked to defects, is representative of lattice distribution

Broadening – (micro)Strain

Page 59

Pristine Crystal

Stressed Crystal

Microstrained Crystal

B(θ) = 4ε0tanθ ε0= Δd/d

d+

d

d-



Broadening sources
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Both size and microstrain cause a broadening that 
grows with angle, but with different dependencies, 
hence one could differentiate them (in principle …)

Bε(θ) = 4ε0tanθ

BL(θ) = K l / L0 cosθ

Btot(θ) cos θ = 4ε0sinθ + K l / L0



Williamson Hall plot
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Btot(θ) cos θ = 4ε0sinθ + K l / L0

K l / L0

Slope of 4ε0

Things may turn a lot more 
complicated on less educated 
samples, with anisotropic 
broadening etc.



Microstrain sources
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On a lognomal distribution of practically strain-free spherical CeO2 particles …
• Different instruments show similar results
• Different analytical methods show slightly dissimilar results
• Refinements are prone to fail if wrong strain and/or IRF is considered
• Pseudo-Voigt (or more complex) are required for correct interpretation

Can we get something good from refinements?
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[doi:10.1017/S088571561500038X]

Initially meant for 
quantification but including 
sample size and lattice

Can we get something good from refinements?

Page 64



Does not compute arbitrary shape functions for peaks but rather analytical 
contributions based on the different effects of shape and size distribution, dislocations, 
stacking faults, grain surface relaxation etc. 
Incidentally can also include the structure …
As for every refinement, results are as good as the educated assumptions that guide 
the choice of parameters

A bit more advanced, WPPM
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Does not compute arbitrary shape functions for peaks but 
rather analytical contributions based on the different 
effects of shape and size distribution, dislocations, 
stacking faults, grain surface relaxation etc. 

Incidentally can also include the structure …

As for every refinement, results are as good as the 
educated assumptions that guide the choice of 
parameters

A bit more advanced, WPPM
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Total scattering, the Pair Distribution Function
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Computed from the FT of the entire pattern, represents the probability distribution of finding 
electron density (i.e. an atom) at a given distance r from another

Requires high energy to reach very high Q values as in principles requires ALL diffraction

Suitable also for amorphous, liquid and nanocrystalline



Total scattering, the Pair Distribution Function
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A monodispersed 
and a Lognormal 
model were fitted 
to the data



• Calculates the intensity at a given q as the sum of all 
pairwise contributions from atom pairs

• Same approach as PDF but works in reciprocal space 
and describes analytically (does not need) the total 
wide-angle scattering

• Requires a sensible model
• Computational wise choices to be made, works better 

for NP as less atoms!
• Can incorporate naturally size, shape, defects etc.

The Debye Scherrer Equation
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The Debye Scherrer Equation
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Anatase Nanocrystals

Refinement on a commercial sample of a bivariate 
population of bipyramidal shapes



See you at SLS-2!



What’s a refinement?

Page 72

You have data

You think a model to fit your data

Parameters are varied (goal seek function in Excel) 
in order to minimize the ‘distance’ from your 
model to the data

Practically an ever so slightly more complicated 
least square regression
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